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Final Technical Report for the
Hawaii Energy and Environmental Technologies (HEET) Initiative
Grant Number N00014-01-1-0928 (May 17, 2001 to March 31, 2005)

1. Executive Summary

This report summarizes work conducted under the first three years of the Hawaii Energy and
Environmental Technologies (HEET) Initiative, funded through the Office of Naval Research to
the Hawaii Natural Energy Institute (HNEI) of the University of Hawaii. This initiative focuses
on critical technology needs associated with the exploration and utilization of seabed methane
hydrates and the development and testing of advanced fuel cells and fuel cell systems.

HNEI's efforts in methane hydrates have encompassed six primary components: hydrate
thermochemistry and kinetics, hydrate microbiology, subsea power generation, modeling, field
studies, and international collaboration. Significant laboratory facilities developed during this
period include a hydrate synthesis system, benthic pressure chambers to simulate deep seafloor
sediment, and specialized instrumentation for high pressure calorimetry and measurement of
hydrate destabilization and evolved gas. Using bioreactors designed and fabricated for this
work, HNEI has demonstrated the high probability that a sulfide/oxygen microbial fuel cell can
generate electricity in deep ocean sediments, and that prolonged power generation may be
possible with methane availability. HNEI researchers and students participated in three research
cruises to offshore methane hydrate fields, where electronic data and sediment and microbial
samples were collected. Three international workshops were organized by HNEI, with a total
attendance of over 200, including representatives from eight countries. In addition, two foreign
graduate students were hosted by HNEI as visiting scholars.

The major accomplishment in the area of PEM fuel cell testing was the planning, design and
construction of the Hawaii Fuel Cell Test Facility (HFCTF), a 4,000 sq ft facility housing three
full-size fuel cell test stands. This facility opened for business in April 2003 and has
demonstrated continuous 24/7 operation, with capabilities including performance and life testing
of full-size fuel cells over a wide range of operating conditions, including hydrogen or reformate
fuel, air or oxygen, and temperatures up to I 00C. The test stands include in-line humidification
and active thermal and water management systems allowing precise control and characterization
of these functions. The facility also boasts a host of supporting equipment including on-site
hydrogen generation (using an electrolyser) and storage, and on-line high-resolution gas analysis.

In addition to installation and commissioning of the test stands, HNEI's fuel cell test program
has included development of a fuel cell assembly laboratory, development of fuel cell test
protocols, and testing of full-scale and subscale test cells. Efforts with full-scale fuel cells have
included long-term durability tests (-2,000 hours) using simulated reformate fuel, and
accelerated degradation testing in an oxygen environment. General Motors and Ballard Power
Systems each delivered two subscale fuel cell test hardware assemblies to HNEI for use in
characterizing the effects of contaminants on fuel cell performance. Preliminary fuels purity
tests were run on the cells assembled by H-INEI staff. HNEI has completed specifications for
specialized subscale fuel cell test stands and two such stands will be delivered to the HFCTF
later in 2005.
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In support of finding alternative fuel supplies, HNEI has expended efforts in the area of fuel
processing and gas conditioning for hydrogen production. This work was based on the potential
use of liquefied petroleum gas (LPG). An automated fuel processing testbed was designed and
fabricated, and is currently in use. This system has been used to convert LPG to hydrogen,
evaluate catalyst performance, study catalyst deactivation, and perform parametric testing of
optimized reforming conditions.

In addition to work with traditional PEM fuel cells, HNEI has also conducted research on novel
fuel cell components. One area involves the use of biocarbons (carbonized charcoal produced
from biomass) in fuel cell bipolar plates. Specialized biocarbons were prepared, electrical and
physical properties were measured, and samples were sent for evaluation to organizations
fabricating bipolar plates. Another area is enzymatic bio-fuel cells. Such fuel cells can
complement traditional cells using expensive catalysts. Work has focused on charge transfer
limitations for biological catalysts. A mini-gas diffusion cell was built and tested, whereby
enzyme was immobilized and characteristics measured (e.g., charge and mass transfer). A micro
enzyme fuel cell was designed to allow electrochemical deposition of conductive polymers to
metal supports. This could facilitate charge transfer to the metal supports from immobilized
enzyme and allow continuous fuel flow into and out of the cell.

2. Introduction

The Hawaii Energy and Environmental Technologies (HEET) Initiative, funded to the Hawaii
Natural Energy Institute (HNEI) of the University of Hawaii through the Office of Naval
Research (ONR), was initiated in the summer of 2001 to address critical technology needs
associated with the exploration and utilization of seabed methane hydrates and the development
and testing of advanced fuel cells and fuel cell systems. During the first three years of operation,
the focal point of our activity has been development of the Hawaii Fuel Cell Test Facility
(HFCTF) which houses dual facilities for fuel cell testing and for the synthesis and
characterization of methane hydrates.

The HEET project at HNEI was funded as a multi-year agreement, with an official end date of
March 31, 2005. This HEET Final Technical Report covers the work accomplished during the
period May 17, 2001 through March 2005.

Development of the overall HFCTF required an investment of over $3 million, achieved in
partnership with ONR, UTC Fuel Cells, and Hawaiian Electric Company. Installations within
the facility include a low temperature laboratory to support the methane hydrates work, and three
state-of-the-are fuel cell test stands for characterization of full-size PEM fuel cells, together with
substantial hydrogen infrastructure and safety systems to support fuel cell testing activities.

In addition to primary efforts in the arenas of methane hydrates and PEM fuel cell testing, HNEI
has also conducted two areas of work in support of fuel cell development. One area includes
research involving fuel processing and gas conditioning for hydrogen production, with emphasis
on hydrogen suitable for use in fuel cells. The other area addresses novel fuel cell components.

The remaining four sections of this report focus on each of the areas covered within the HEET
initiative. Section 3 in on methane hydrates, Section 4 covers the Hawaii Fuel Cell Test Facility
and PEM fuel cell testing, Section 5 presents fuel processing and gas conditioning for hydrogen
production, and Section 6 deals with novel fuel cell component activities.
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3. Methane Hydrates

3.1. Objectives

Methane hydrates in ocean sediments constitute an enormous energy reservoir that is estimated
to exceed the energy content of all known coal, oil, and conventional natural gas resources.
Located on continental margins throughout the world, methane hydrates offer unique
opportunities as an onsite source of fuel for various marine applications and are believed to play
a major role in seafloor stability and global climate.

National R&D programs on methane hydrates were initiated in Japan and India in the mid-
1990's with the goal of commercial gas production within a 20 year time horizon. The U.S.
established its own program in May 2000. The Methane Hydrate Research and Development
Act of 2000 (Public Law 106-193) included seven technical areas of focus: (1) identification,
exploration, assessment, and development of methane hydrate as a source of energy; (2)
technology development for efficient and environmentally sound recovery of methane from
hydrates; (3) transport and storage of methane produced from methane hydrates; (4) education
and training related to methane hydrate resource R&D; (5) assessment and mitigation of
environmental impacts of natural and purposeful hydrate degassing; (6) development of
technologies to reduce the risks of drilling through methane hydrates; and (7) support of
exploratory drilling projects. The objectives of the present Methane Hydrates Task, which was
initiated in 2001, reflect most of the priorities of P.L. 106-193, but emphasize those areas of
particular relevance to the Office of Naval Research (ONR) and which are consistent to the
overall goals of the HEET initiative. Specifically, the development of hydrates and related
sources of seafloor methane as logistical fuels for Naval applications or for specialized subsea
power applications, and related marine environmental issues, were principal areas of interest;
exploratory drilling projects and seafloor stability/safety received limited attention. Task
objectives were devised to leverage fully hydrate R&D expertise and infrastructure that had been
developed at HNEI during previous research programs on CO2 ocean sequestration and deep oil
spills.

During the present reporting period (2001-2005), the goals of the HEET Methane Hydrates Task
were:

"* Pursue development of means to recover methane gas from hydrates in the seafloor
sediment.

"* Utilize seafloor methane to provide power for specialized subsea applications.
"* In cooperation with the Naval Research Laboratory, develop biogeochemical methods to

supplement seismic techniques to refine the detection and characterization of deep
hydrate reservoirs.

"* Investigate the microbial processes in the sediment that generate and modulate methane
levels.

"* Investigate the fate of methane leaking into the water column from the seafloor.
"* Investigate other engineering applications for methane hydrates of relevance to U.S.

Naval operations.
"* In cooperation with NRL and ONR Global (previously ONR-IFO), promote international

collaborative research on methane hydrates.
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As indicated above, a key component of the Methane Hydrates Task was the coordination and
integration of the HNEI effort with related activities at the NRL and ONR Global.

Specific technical objectives that were pursued to attain the above goals included:

"* Development of laboratory facilities to conduct fundamental studies of hydrate
thermochemistry and decomposition kinetics.

"* Development of laboratory facilities and protocols to investigate microbial methane
generation and consumption in seafloor sediments.

"* Development of models of hydrate stability.
"• Development of models of methane in the oceanic water column.
"* Conduct of laboratory experiments on marine microbial fuel cells.
"* Conduct of laboratory experiments on hydrate destabilization by thermal, pressure, and

chemical methods.
"* Collaborative field studies of offshore hydrate biogeochemistry with NRL.
"• Organization of workshops to promote international collaboration on methane hydrate

R&D.

3.2. Scope of Work and Approach

Pursuant to the goals and technical objectives identified above, the scope of work of the Methane
Hydrates Task comprises the six primary components described below.

Hydrate Thermochemistry and Kinetics

Review of the literature indicated that a substantial, albeit not comprehensive, database existed
for a limited number of thermodynamic properties (e.g., phase boundaries; densities) of pure and
mixed gas hydrates, in contact with water and the hydrate-forming gases, at pressures and
temperatures representative of conditions in the deep seafloor. The influence of the seafloor
sediment matrix on hydrate stability (while not strictly a thermodynamic effect), however, had
not been extensively investigated. Less information was available on other properties relevant to
analyses of hydrate dissociation for methane production, such as heat capacity, enthalpy, and
thermal conductivity. Hydrate formation and dissociation kinetics, which in most practical
scenarios may be dominated by heat and mass transfer effects rather than chemistry, were not as
well documented as thermodynamic properties, and the available data exhibited significant
variation between different experiments.

It was determined that substantial contributions could still be made in the area of fundamental
measurements of hydrate thermochemistry and, to an even greater extent, kinetics. Since the
practical goal of the HEET Methane Hydrates Task was the extraction of methane from hydrates
for energy, efforts focused on the measurement of properties and investigation of phenomena
which would be useful in the development of models and methods to destabilize hydrates in situ
and to collect the released gas.

During Years 1 through 3 of the HEET initiative, the scope of work for this subtask comprised
the design, fabrication, and shakedown testing of four facilities that provided unique capabilities
to conduct experimental research on hydrate thermochemistry and kinetics in areas directly
relevant to methane extraction. These facilities were: (1) a hydrate synthesis system; (2) high
pressure calorimeter; (3) benthic pressure chambers to simulate the deep seafloor sediment; and
(4) hydrate destabilization and evolved gas measurement apparatus.
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The hydrate synthesis system was needed to produce uniform and consistent samples of single-
and mixed gas hydrates and hydrate sediment composites for calorimeter studies and
destabilization kinetics experiments. The high pressure calorimeter can perform accurate
measurements of heat capacity, enthalpies of formation and decomposition of hydrates, and can
be used to deduce phase stability regimes. HNEI has substantial expertise in utilizing laboratory
benthic chambers to simulate conditions in the deep ocean. The chambers designed for this
subtask would be employed to form and decompose hydrates in sediment columns under
pressurized seawater. In addition, they would also be used to investigate transport phenomena in
the sediment and water phase, incubate seafloor sediment and deep ocean microbes, and test
prototype subsea power generation components and systems. Finally, in order to investigate the
kinetics of destabilization, a unique facility was developed that allows outgassing rates to be
monitored when methane hydrate samples prepared in the synthesis facility are warmed,
depressurized, or exposed to various chemical reagents.

Hydrate Microbiology

Methane and other hydrocarbon fuel gases (typically alkanes) found in seafloor hydrates can be
derived from thermogenic sources (such as conventional natural gas and oil) or be produced
biologically by microbes in the sediment. Most of the methane in hydrates is believed to be the
product of methanogenic bacteria.

A large fraction of methane produced in the sediment is intercepted before it enters the water
column. This significantly reduces the impact of the enormous seafloor methane source on the
ocean environment and on global climate, since methane that escapes from the ocean into the
atmosphere is a major greenhouse gas. The mechanism for methane consumption has not been
definitively identified, although it is postulated that microbial sinks (methanotrophs) are
responsible.

Methane can provide both carbon and energy to the bacteria that constitute the base of the ocean
food web. Vigorous chemosynthetic communities have been observed on methane hydrate
outcroppings and near methane seeps, suggesting that the local benthic ecosystem will
opportunistically exploit methane if it is available.

Understanding microbial methanogenesis and methane consumption has fundamental scientific
value with respect to ocean carbon cycling, sediment geochemistry, benthic biology, and global
climate change. From a practical perspective, the microbial community in the sediment plays a
critical role in producing the methane that will be recovered or utilized for energy as well as in
modulating the leakage of methane into the ocean and atmosphere. Methane recovery for energy
will likely alter the local flux of methane through the sediment. The response of the microbial
community to these changes and the impact on the local benthic ecology will need to be
evaluated to respond to questions that will inevitably be raised by environmental groups, and for
the preparation of any required Environmental Impact Statements. Furthermore, as discussed in
the following section on subsea power generation, the sediment microbial community may be
applied to generate low level electricity via a biological fuel cell.

During Years 1 through 3 of the HEET initiative, the scope of work for this subtask on hydrate
microbiology comprised developing protocols to characterize the microbial diversity of methane
hydrate sediments and to investigate the metabolic pathways and rates of methane generation and
consumption; and the application of these protocols to identify key organisms in hydrate
sediments.
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Molecular biological techniques were utilized to detect methanotrophic/genic bacteria and sulfate
reducers. Bacterial cells from collected hydrate sediment pore water samples were harvested by
centrifugation and DNA extracted using standard phenol and chloroform. Various primer sets
were tested to determine if they were appropriate for the target organisms. PCR and cloning
were employed for species identification.

Subsea Power Generation

The development of technologies and systems that can exploit methane hydrates, or the
associated free gas (i.e., seafloor seeps) and methane dissolved in sediment pore water, for in situ
power generation would have a profound impact on fuel logistics and mission constraints for a
host of navy operations. In particular, underwater surveillance and monitoring would stand to
benefit significantly. The mission duration of thousands of instruments deployed on the seafloor
that currently are powered by batteries could be greatly extended. Seafloor methane could also
be applied as a source of energy for certain deep submersibles, such as AUVs, allowing them to
remain submerged for much longer periods without surfacing to refuel or recharge.

Low-power (on the order of 1 W) microbial fuel cells have been proposed that are based on a
consortium of sulfate reducing bacteria and methanotrophs metabolizing sulfate and methane in
the upper layer of the sediment. This system may be appropriate for application in locations with
limited methane content, to provide long-term power to certain instruments. In regions with
methane hydrates or methane seeps, higher power output (102 W or larger) may be feasible using
PEM, solid oxide, or other types of conventional fuel cells. The performance of these systems is
anticipated to depend primarily on the rate, quality, and sustainability of the fuel and oxidizer
supply.

At the time the HEET initiative began, a limited number of conceptual studies of microbial fuel
cells had recently been performed which suggested that the concept might be feasible. Higher-
power seafloor fuel cell systems and submersible refueling/recharging stations based on methane
hydrates or seeps had not been explored beyond a few very rudimentary analyses. As a
consequence, it was decided that pursuing development of microbial fuel cells for instrument
power would be the most effective application of resources in the near term. The scope of work
of this subtask during Years 1 through 3 of the HEET initiative therefore focused on
experimental studies to determine the potential and limitations of microbial fuel cells in methane
hydrate sediments. Higher power systems would be investigated indirectly via efforts of the
hydrate thermochemistry and kinetics subtask related to methane extraction.

The specific objectives of the microbial fuel cell experiments were to identify the most probable
oxidation reactions that will occur on an anode exposed to the microbial metabolites and identify
the bacteria that produce these reactants; quantify important system parameters including
exchange current density and charge transfer coefficient; and establish baseline fuel cell power
output, potential, and current density.

A host of laboratory bioreactors were constructed utilizing natural sediment collected from a
number of different offshore hydrate beds, and naturally-occurring bacteria from these samples
were extracted, cultured, and identified using molecular biological techniques. The availability
of nutrients was controlled along with the levels of methane and sulfate to establish the effects of
these parameters on fuel cell performance. Liquid media was substituted for sediment in tests to
determine mass transfer limitations of the system. Cyclic voltammetry and sampled-current
voltammetry techniques were employed.
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Modeling

Although resources were concentrated on experimental activities, a limited range of
complementary modeling activities were undertaken as part of the scope of work of the HEET
Methane Hydrates Task. Two topics were investigated: (1) hydrate dissolution in
undersaturated water; and (2) production, oxidation, and transport of methane in the oceanic
water column. Hydrate dissolution in undersaturated water is directly relevant to certain hydrate
destabilization/gas recovery strategies and the behavior of methane in the water column is an
important environmental issue. The modeling efforts during Years 1 through 3 were largely
analytical; the objective was to develop submodels that could be incorporated into larger
numerical codes to evaluate decomposition strategies and assess environmental impacts of
methane leakage from the sediment.

Field Studies

The HEET Methane Hydrates Task was conceived as a collaborative effort between HNEI and
NRL. NRL has conducted extensive field studies of methane hydrates and a component of the
HNEI scope of work was to participate in the NRL research cruises and collect sediment and
other samples that could be utilized in our investigations of hydrate thermochemistry and
kinetics, microbiology, and subsea power generation. This interaction would also provide
opportunities to better integrate the HNEI and NRL programs on methane hydrates and to
develop new joint projects.

International Collaboration

With the exception of the Japanese national program, resources for methane hydrate R&D have
been relatively modest. International collaboration would better leverage these limited resources
and enhance the exchange of information to the mutual benefit of all participants. Toward this
end, promoting cooperative research activities was included in the present scope of work and
was pursued through the organization of international workshops and by hosting foreign graduate
students to participate in the experiments conducted at the University of Hawaii.

3.3. Technical Accomplishments

The principal technical accomplishments of the HEET Methane Hydrates Task for each of the
six components identified in the previous section on Scope of Work and Approach are
summarized below. Additional details are available in the related papers, presentations, and
thesis resulting from this effort (see Section 3.4).

Hydrate Thermochemistry and Kinetics

During Years 1 through 3 of the HEET initiative, accomplishments of this subtask included the
design, fabrication, and shakedown testing of four facilities: (1) a hydrate synthesis system; (2)
high pressure calorimeter; (3) benthic pressure chambers to simulate the deep seafloor sediment;
and (4) hydrate destabilization and evolved gas measurement apparatus. Each of these is
described in the following paragraphs.

Hydrate Synthesis System

A facility to synthesize uniform cores of gas hydrates and hydrate-sand or hydrate-sediment
composites was developed. Synthesis is based on the technique of Stern et al. (2000) which was
modified to accommodate the selected equipment. Hydrate cores are produced by filling Teflon
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lined cylindrical pressure vessels (High Pressure Products Tubular Series Reactors) with fine ice
crystals in the 150 to 500 gm size range. The ice crystals are generated inside a scientific freezer
equipped with a glove box by spraying distilled and deionized water onto liquid nitrogen. If
composites are desired, then sand or sediment is added to the ice crystals. The pressure vessels
are enclosed in a separate scientific freezer that has been modified to allow computer control of
the refrigeration compressor to cycle the temperature inside. An automated gas supply system
infuses the pressure vessels with high pressure hydrate-forming gas. The mixture of gas and ice
(and sand or sediment) is subject to a predetermined pressure-temperature cycle to convert it to
hydrate. For methane hydrate, pressures are cycled between about 20 and 30 MPa as
temperature slowly varies (approximately 4 K/hour) between about 250 K and 290 K.
Temperature control is based on readings from thermistors or thermocouple probes inserted into
the pressure vessels through penetration in the removable bottom closures. The facility can
produce 2.86 cm o.d. hydrate cores up to 50 cm long. A typical core of these dimensions will
contain between 30 and 40 standard liters of methane. A photograph of the pressure vessels
inside the freezer is provided in Figure 3-1 below.

Figure 3-1. Photograph of the hydrate synthesis pressure vessels inside the computer controlled
freezer.

N2, CH4, and mixed hydrocarbon (CH 4 and C2H6) hydrates, and hydrate-sand composites, have
been synthesized with the facility. The cores have been tested using Raman spectroscopy
(performed by Dr. Shiv Sharma of the Hawaii Institute for Geophysics and Planetology of UH)
to confirm that they are hydrates and not ice, and gas content has been measured. These tests
have verified the ability of the system to produce uniform hydrate samples. Figure 3-2 provides
a representative Raman trace of one of our early synthesized cores. The spectrum indicates the
presence of Structure I methane hydrate with methane occupancy in both the large, 51262, and
small, 5 12, cages (2899 and 2912 cm-1) as well as ice (3080 cm'-). The Structure I methane
hydrate peaks are relatively large compared with the ice peak, indicating a high proportion of
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hydrate mixed with some ice. Figure 3-3 is a photograph that was taken when one of the
methane hydrate cores was burned.

Figure 3-2. Raman spectrum of synthesized methane hydrate core.

Figure 3-3. Photograph of burning methane hydrate core synthesized by the UH facility.

Calorimetery

Differential Scanning Calorimetry (DSC) is commonly used for thermal characterization of
physico-chemical transformations. The technique monitors the heat exchange between a sample
and its surrounding versus time or temperature. It can be applied in the study of
thermodynamics, kinetics or simply as an analytical tool. It has been used to study the
composition, dissociation enthalpies and heat capacities of various gas hydrates (Dalmazzone,
2000).
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In the case of methane hydrates, measurements need to be performed at relative high pressures
and low temperatures. After conducting an extensive screening of commercially available
instruments, it was determined that a Calvet-Tien calorimeter produced by Setaram had the
appropriate capabilities for our study. The Setaram Model BT2.15 can resolve heat flows as low
as 0.10 1tW and has rms noise of 0.20 gW. Samples can be maintained at pressures up to 100
bar and temperatures between -196'C and +200'C. A variety of sample cells are available from
Setaram to conduct measurements of a wide range of properties including heats of mixing, heat
capacity, etc. The sample volume of the BT2.15, ranging up to 12.5 ml for atmospheric pressure
cells, is an order of magnitude larger than most micro-DSCs.

The BT2.15 calorimeter was procured in 2003. After some initial problems with high pressure
cells, we have begun measuring the dissociation enthalpy of various hydrates including THF,
methane, and ethane. Figure 3-4 below is a representative thermogram of the decomposition of
THF hydrate. Figure 3-5 on the next page is a thermogram of the formation and decomposition
of methane hydrate.

THF Hydrate Decomposition at Atm Pressure
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Figure 3-4. Calorimeter thermogram of decomposition of THF hydrate at atmospheric
pressure.
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